Abstract. The purpose of the present study is to investigate submarine rudder stern-plane configuration to obtain optimum manoeuvring characteristics. Three configurations are investigated: +, x and y configuration. The equations of motions were derived with the external forces and moments consist of contributions due to the hydrostatics, hydrodynamics and propeller thrust. To obtain the hydrodynamic coefficients and the hydrodynamic derivatives, the lift and drag were calculated using computational fluid dynamics (CFD). The equations of motions were numerically integrated using Eulerian method to obtain the turning circle. Results of the calculations show that the x-configuration gives the smallest tactical diameter, transfer and advance, which is considered as the most optimum rudder stern-plane configuration.
Introduction
A submarine is expected to have a good manoeuvring performance for the achievement of her mission. One requirement is the ability to dive quickly to a certain depth. The other is the ability to manoeuvre extremely to avoid a mine or torpedo attack. The rudder stern-plane configuration particularly plays a key role in determining the submarine manoeuvring capability [1] .
A midget submarine [2] is considered in the present study as illustrated in Fig. 1 . The submerged displacement of a midget submarine is usually less than 150 ton. The principal particulars of the midget submarine are summarized in Table 1 .
Earlier studies have considered similar object as considered in the present study. Erwandi et al. [3] studied the hydrodynamic forces working on the submarine while manoeuvring. Utina et al. [4] performed experiments on hydroplanes to study the hydrodynamic forces and moments for which a modified design of U-209 submarine was considered.
The present study pursues the earlier studies as reported in [3, 4] . The purpose of the present study is to investigate the manoeuvring performance of the submarine for which three different rudder stern-plane configurations are considered: +, x and y configuration, as shown in Fig. 2 . 
Method
The equations of motions were derived with the external forces and moments consist of contributions due to the hydrostatics, hydrodynamics and propeller thrust. Subsequently, the equations of motions are numerically integrated to obtain the turning circles of the submarine for the different variations of rudder stern-plane configurations.
Equations of motions
The submarine motion consists of translation respectively in the x, y and z direction (surge, sway, heave) and rotation respectively about the x, y and z axis (roll, pitch, yaw/drift), which make a 6-degrees of freedom (DOF) motion. The notations used for the motions, forces and moments, together with the local coordinate system moving with the boat are shown in Fig.  3 . The origin O of the local coordinate system (x, y, z) is located at the centre of buoyancy of the boat (for a fully submerged boat, the centre of buoyancy is fixed).
Fig. 3.
Local coordinate system and notations for the motions [5] .
Using the notations shown in Fig. 3 , the equations of motions can be represented as follows:
where m is the mass of the boat, Ix, Iy and Iz are the moment inertia's about the x, y and z axis, respectively, �̇, �̇, �̇, �̇, �̇, �̇, �̇, �̇, �̇ and �̇ are added masses. The external forces and moments on the right-hand side of eq. (1) consist of contributions due to the hydrostatics, hydrodynamics and propeller thrust. The hydrostatic forces consist of weight and buoyancy, which make an equilibrium. The buoyancy is calculated using the software Maxsurf. The buoyancy force is equal to the weight of the boat (1268379.29, 1268992.70 and 1267846.36 N for the +, x and y-stern, respectively).
The hydrodynamic forces consist of added masses, drag and lift. The longitudinal and transversal added masses are calculated using the strip theory [6] . The rolling added mass is calculated using the formula given in [7] . The drag and lift are calculated using computational fluid dynamics [8] . The CFD results for the drag and lift are used to calculate the hydrodynamic coefficients.
The propeller thrust is calculated using an empirical formula given in [9] . The hydrodynamic derivatives required for the calculation of the turning circle are calculated using the formula given in [10, 11] .
Results of the calculations of the added masses, drag, lift, thrust and hydrodynamic derivatives described above can be found in [12] .
CFD calculations for the drag and lift
CFD simulations were performed to calculate the drag and lift of the submarine. The computational domain is defined as follows [13] . The inlet located at 1.5 L upstream from the model, where L is the length overall of the boat, is defined as the flow velocity equalling the boat's speed (in the simulation the boat is at rest while the water flows). The outlet located at 3.0 L downstream from the model is defined as the pressure equalling the undisturbed hydrostatic pressure. The boundary conditions at the bottom wall (9.0 D below the model, where D is the boat's diameter), top wall (9.0 D above the model) and side walls (9.0 D aside the model) are defined as free slip while at the surface of the boat as no-slip.
The turbulence model used is the shear-stress transport model [14] . The model gives accurate predictions of the onset and the amount of flow separation [15] .
Grid independence tests were performed to ensure that the simulation results do not depend on the number of cells (elements) used in the calculations. The grid independence criterion is defined as the difference between two subsequently calculated drags is less than 2% where the number of cells used in the latter simulation is approximately twice the number of cells used in the former simulation [16, 17] .
As criterion for the convergence of the numerical solutions, the root mean squared (rms) error criterion is used with residual target value of 10 -5 . The simulations were run in 64-bit OS stand-alone computer with Intel®Core i7-4770 CPU@3.40 GHz processor and 8.00 GB installed memory (RAM).
The drag calculated from the CFD is verified using experimental data obtained from towing tests [3, 4] . Figure 4 shows a comparison between the drag calculated from CFD and experimental data for the + rudder stern-plane configuration. Figure 4 shows that the CFD underestimates slightly the experimental data. The mean absolute percentage error is 2.8%, indicating a good agreement between the CFD results and the experimental data.
After verifying the CFD results with the available experimental data, the drag and lift coefficients for each rudder stern-plane configuration are calculated for boat's speed of 14 knots (maximum target speed) with varying rudder angle (r) and drift/yaw angle (). The rudder angle r is varied from 0° to 35° with interval of 5° and the drift angle  is varied from 0° to 20° with interval also of 5°, as shown in Table 2 . Table 2 . Variations of drift angle  and rudder angle r in the calculation of drag and lift using CFD. As an example of the calculation results, Fig. 5 shows the lateral lift coefficient (Cy) as function of yaw/drift angle () for varying rudder angle (r) for the + rudder stern-plane configuration. As shown in Fig. 5 , the lateral lift coefficient (Cy) increases with increasing drift angle (). Furthermore, for a given drift angle, the lift coefficient Cy increases with increasing rudder angle. (a) Fossen [9] (b) Present study To obtain the turning circle [18] for a given rudder-stern plane configuration and rudder angle as well as yaw angle, the equations of motions (1) were integrated numerically using in Matlab implemented Eulerian method. The results were verified using those reported in [9] . Figure 6 shows a comparison between the turning circle reported in [9] and that obtained from the present study. The calculation results are summarized in Table 3 . Table 3 shows that there are no differences between the results reported in [9] and the present results. Table 3 . Comparison between turning circle parameters calculated by Fossen [9] and those obtained from the present study.
Fossen [9] Present
Results and Discussion
The turning circle for each combination of rudder angle (r) and drift/yaw angle () as shown in Table 2 can be plotted and the tactical diameter, transfer, advance etc. can be calculated. For example, Fig. 7 shows results of the turning circles with rudder angle of 10° and yaw angle of 0° for the +, x and y configurations projected in the (xpos, ypos) plane. Figure 7 clearly shows that the x-configuration gives the smallest turning circle radius. In addition, Figs. 8, 9 and 10 show the turning circles in the (xpos, ypos, zpos) space with the same rudder angle and drift angle as shown in Fig. 7 (r = 10° and  = 0°) for the +, x and y configuration, respectively. Figure 8 shows that for the + configuration the turning circle remains in the same horizontal plane, as expected, because the vertical lift coefficient Cz is zero. On the contrary, the vertical lift coefficients of the x and y configurations are non-zero. Therefore, as shown in Fig. 9 (the x configuration), the submarine dives to a depth of 4 m below the initial position and then comes upward while circling to a position 2 m above the initial position. Similarly, for the y configuration (Fig. 10) , the submarine dives 10 m below the initial position and then comes upward while circling until 5 m above the initial position. Table 4 summarizes the results of tactical diameter for the case  = 0°. Table 4 shows that for all rudder stern-plane configurations, the larger the rudder angle, the smaller the tactical diameter, as expected. Furthermore, for all rudder angles, the x configuration gives the smallest tactical diameter (compared to the + and y configurations). Similar observations are also applied for the transfer, advance and radius of the turning circle.
Results for the turning circle are compared with the criteria given by the IMO resolution MSC 137 (76) for surface ship because there are still no corresponding criteria for submarine. Results of calculations show that to comply with the above IMO criteria, the smallest rudder angle is 25°, 10° and 20° for the +, x and y configuration, respectively. 
Conclusion
The rudder stern-plane configuration of a submarine plays a key role in determining the submarine manoeuvring performance. In the present study, three rudder stern-plane configurations (+, x and y configuration) were investigated to obtain optimum manoeuvring characteristics of a midget submarine. For all configurations, the larger the rudder angle, the smaller the tactical diameter, transfer and advance. For the + configuration, the smallest rudder angle to result in the tactical diameter, radius and advance that comply with the IMO resolution MSC 137 (76) is 25°, while for the x-configuration 10° and for the y-configuration 20°. The smallest tactical diameter, transfer and advance were obtained by using the xconfiguration, which is considered as the most optimum rudder-stern plane configuration.
